In rice (Oryza sativa L.) plants, the leaf sheaths of the upper leaves accumulate a large amount of starch before heading, and the accumulated starch is converted to sucrose and translocated to the panicles after heading. To analyze the regulation of sink-source transition, we carried out large-scale monitoring of gene expression by microarray analysis using 8987 rice expressed sequence tags (ESTs), and identified 102 developmentally regulated genes in the leaf sheaths of the first leaves below the flag leaves during the heading period. Identified genes included multiple genes related to starch biosynthesis, cell division and expansion, and photosynthesis. All of them showed early stage-preferential expression, probably reflecting the decrease of starch biosynthesis, end of elongation and decrease of photosynthesis in the leaf sheaths during the heading period, respectively. The expression patterns of the genes for starch biosynthesis enzymes and α-tubulin suggest that the leaf sheaths displayed both accumulating-and consuming-sink functions at the very early stage of the heading period. Northern blot analysis of the genes for starch degradation and sucrose biosynthesis enzymes (α-amylase3D and sucrose phosphate synthase) revealed that the induction of the genes did not occur when the starch amount began to decrease, suggesting that the mechanisms of starch degradation and sucrose re-synthesis in the leaf sheaths during the heading period were different from those in germinating seeds. Furthermore, we identified 18 developmentally regulated genes whose functions in the leaf sheaths are unknown. They included seven genes those were preferentially expressed in the bottom part of the leaf sheaths, implying that they were involved in functions related to the starch metabolism. The results obtained showed the effectiveness of the microarray technique to analyze complex and uncharacterized phenomena.
Introduction
In higher plants, photosynthetically active source organs export carbohydrates to photosynthetically less active or inactive sink organs. However, the relationship between source and sink organs is not static. Young sink leaves become mature source leaves after a while, and start exporting carbohydrates to the next young sink leaves. Thus, plants undergo sink to source transitions throughout their life. In cereal crops (barley and wheat), the stems (leaf sheaths and culms) function as temporary accumulating sinks (Bell and Incoll 1990, Bonnett and Incoll 1992) . In rice plants, stems accumulate surplus starch at both the vegetative and reproductive growth stages (Matsuo et al. 1995) . The leaf sheaths of upper leaves accumulate large amounts of starch before heading, and the accumulated starch is converted to sucrose and translocated to the panicles after heading. Thus, sinksource transition occurs in rice leaf sheaths during the heading period. In rice, starch accumulated in the stems before heading is known to contribute to the grain yield by as much as 30% (Cock and Yoshida 1972) .
Sink-source transition has been studied in the developing leaves of both monocotyledonous and dicotyledonous plants (Turgeon 1989) . Unlike leaf sheaths, young developing leaves are consuming sinks in which imported sugars do not accumulate but are utilized for energy for growth, and sinksource transition in leaves is accompanied by the onset of photosynthesis. Thus, the mechanisms of sink-source transition probably differ between the system in the leaf sheath and that in the young leaf. Rather, sink-source transition in leaf sheaths is comparable to the developmental changes of seeds (developing versus germinating stage) (Bethke et al. 1997 , Herbers and Sonnewald 1998 , Wobus and Weber 1999 and the diurnal starch synthesis/degradation cycle of source leaves (Preiss 1996) , in terms of the occurrence of changes in the metabolism of starch or other storage reserves.
Although comparison of the regulatory mechanisms in these systems would be useful, few studies have been conducted on the regulation of sink-source transition in rice leaf sheaths. Perez et al. (1971) analyzed the starch content and activity of enzymes related to the carbon metabolism in stems of rice plants during different growth stages. Recently, a detailed profile of the starch content and the activities of multiple starch biosynthesis enzymes has been obtained in leaf sheaths during the heading period, and a positive correlation between the starch content and the activities of several starch biosynthesis enzymes was demonstrated (Watanabe et al. 1997) . Furthermore, Hirose et al. (1999) analyzed the relationship of the starch content and the steady-state mRNA levels of the enzymes related to the carbon metabolism in leaf sheaths during the heading period, and showed that both decreased the expression of the genes for the starch biosynthesis enzymes while increased the expression of the genes for the sucrose biosynthesis enzymes and sucrose transporter after sink to source transition in leaf sheaths. Therefore, the genes regulating these enzymes and proteins have become the next targets of research.
In the last several years, microarray technology was developed, and analysis of genome-scale gene expression became possible (Schena et al. 1995, Eisen and Brown 1999) .
This technology enables us to analyze complex phenomena in which multiple biological events occur simultaneously. To analyze the mechanisms of regulation of sink-source transition, we carried out large-scale monitoring of gene expression in rice leaf sheaths by microarray analysis using 8987 rice expressed sequence tags (ESTs).
Materials and Methods

Plant material
Rice plants (Oryza sativa L. cv. Nipponbare) grown under natural conditions were used for microarray analysis and confirmation by Northern blotting. At twenty days after seeding, rice seedlings were transplanted to 1/5000 Wagner pots (1 seedling per pot) and grown under natural conditions. The leaf sheaths of the first leaves below the flag leaves of the main stems from 30 plants were harvested between 10:00 and 11:00 every 3 or 4 days from 83 to 114 days after seeding. The plants reached heading at 97 days after seeding. To obtain uniform samples, we classified the plants into seven developmental stages on the basis of the length of the panicle (P) and the fresh weight of the panicle (Pw). Based on the average values of the samples per sampling dates, the parameters were set as follows: (1) P < 10 cm, (2) 10 ≤ P < 18 cm, (3) 18 cm ≤ P, (4) 18 cm ≤ P, heading, (5) 18 cm ≤ P, Pw < 1.5 g, (6) 18 cm ≤ P, 1.5 ≤ Pw < 2.5 g, (7) 18 cm ≤ P, 2.5 g ≤ Pw.
The average values of the classified samples (n = 26-40) are shown in Figure 1A . All the samples classified into the same stage were mixed and ground, and stored at −80°C until use. For further analysis, rice plants grown in a growth chamber were used. Twenty days after seeding, four rice seedlings were transplanted to 1/10000 Wagner pots and grown under 14 h light regime (about 1000 µmol photon m −2 s −2 ) at 28°C and 10 h dark regime at 23°C. The leaf sheaths (divided into top and bottom parts from the center) and leaf blades of the first leaves below the flag leaves of the main stems from 15 plants were harvested between 10:00 (4 h after the onset of the light period) and 11:00 every week from 74 to 95 days after seeding. The plants reached heading at 84 days after seeding. The samples were classified into seven developmental stages in the same way as described above, with the following modifications because of the differences in the average values of the samples per sampling dates: (2) 10 ≤ P < 17 cm, (3) 17 cm ≤ P, (5) 18 cm ≤ P, Pw < 1.0 g, (6) 18 cm ≤ P, 1.0 ≤ Pw < 1.5 g, (7) 18 cm ≤ P, 1.5 g ≤ Pw. All the samples classified into the same stage were mixed and ground, and stored at −80°C until use.
Measurement of carbohydrate levels
Sucrose, starch and hexose contents were measured enzymatically, as described by Ono et al. (1999) .
Isolation of total RNA and Northern blot analysis
Total RNA for microarray analysis was isolated according to the method of Chirgwin et al. (1979) . Total RNA for Northern blot analysis was prepared by using RNeasy (Qiagen, Valencia, CA, USA). Northern blots were prepared by gel electrophoresis and blotting of total RNA (10 µg per lane), as described by Sambrook et al. (1989) by using Hybond N + (Amersham Pharmacia, Buckinghamshire, UK) and 10 × SSC as the transfer buffer. For the genes involved in the microarray except for α-tubulin, the full inserts of the corresponding ESTs (Genbank accession Nos. are shown in Fig. 2 and Fig. 4) were amplified by PCR, while for α-tubulin, the full inserts of AU091477 (the rice EST corresponding to the rice α-tubulin OSTA-136 mRNA 3′-partial fragment (about 1.0 kb), and about 200-bp longer than overlapped EST AU175143) were amplified by PCR. For rice rbcS (D00644), the full inserts of cDNAs were amplified by PCR. For the rice SPS gene, a 1.3 kb cDNA fragment corresponding to the coding region (exons 6-10) was cloned (Hirose et al. 1997 ). All the amplified or cloned fragments were labeled with 32 P, and used as probes.
Microarray preparation
We used 8987 rice ESTs to construct the cDNA microarray. These cDNA clones, representing unique genes, were identified and provided by the Rice Genome Research Program (Yamamoto and Sasaki 1997) . The array was prepared as described by Yazaki et al. (2000) . PCR products from full inserts of the cDNA clones were spotted in duplicate (right and left layers) on glass slides as probes.
Fluorescent probe preparation, hybridization and scanning
Twenty microgram of each total RNA sample was reverse-transcribed in the presence of Cy5 (Amersham Pharmacia). The reverse transcription reaction was performed in a 20-µL reaction solution containing 20 µg of total RNA with oligo (dT) 25mer, 10 mM dithiothreitol, 2 µM each of dATP, dGTP, and dTTP, 1 µM dCTP, 1 µM Cy5 dCTP and Superscript II reverse transcriptase (Life Technologies, Grand Island, NY, USA) in 1 × Superscript II reaction buffer (50 mM Tris-HCl, pH 8.3, 75 mM KCl, 3 mM MgCl 2 and 20 mM dithiothreitol) (Life Technologies). After incubation at 42°C for 2.5 h, the reaction product was incubated at 94°C for 3 min, treated with 2 µL of 2.5 mM NaOH, incubated at 37°C for 15 min, treated with 10 µL of 2 M 3-(Nmorpholino)-propanesulfonic acid, and purified by using a QIAquick spin column (Qiagen). The probe was dried and dissolved in 6 µL of distilled water. After denaturation at 94°C for 4 min, 1.5 µL of 1 mg/ml oligo A80 (Amersham Pharmacia), 7.5 µL of 4 × microarray hybridization solution version 2 (Amersham Pharmacia), and 15 µL of formamide were added to the probe. The probe sample was then applied to the microarray and covered with a cover slip. The slide was incubated at 42°C for 12 to 16 h. After hybridization, the slides were washed once for 10 min in 1 × SSC with 0.2% SDS, twice for 10 min in 0.1 × SSC with 0.2% SDS at 55°C, and finally in 0.1 × SSC for 1 min. Slides were scanned with a microarray scanner FLA8000 (Fujifilm, Tokyo, Japan). The microarray experiment was performed once.
Data analysis
The intensities of the spots were measured with Array Gauge version 1.2 (Fujifilm) software. Spots containing clones that did not show a single strong PCR band on agarose gels before slide printing, as well as those that were flagged because of an artifact of intensity caused by dust or background on the array, were removed. Data points with signal intensities differing by more than two-fold between two replicated spots (right and left layers), or with even one flagged spot, were removed. In the comparison of the data from different developmental stages, data from two layers were used individually, and more than a five-fold difference in the intensity of the spots was considered to be significant. For the levels of expression of all ESTs, Rice Expression Database (RED, http://red.dna.affrc.go.jp/RED/) using accession numbers of ESTs and selecting experimental physiology of target sample of "Sink source" can be used. However, the data on RED were slightly different from our data because we used raw data, while the data on RED were based on normalized data (Yazaki et al. 2002) .
Results
Classification of samples by developmental stage
Previous analysis of the carbohydrate content of rice upper leaf sheaths during the heading period revealed that the leaf sheaths of the second leaves below the flag leaves accumulated a large amount of starch before heading and that the amount of accumulated starch rapidly decreased after heading, while the leaf sheaths of the flag leaves accumulated much less starch (Hirose et al. 1999) . These results suggest that the leaf sheaths of the second leaves below the flag leaves function as a temporary sink, unlike the leaf sheaths of the flag leaves. Unpublished results (Hirose T.) revealed that the leaf sheaths of the first leaves below the flag leaves also showed a large amount of temporary starch accumulation before heading in the same way as the leaf sheaths of the second leaves below the flag leaves. To minimize the effect of senescence, in the present study, we used the leaf sheaths of the first leaves below the flag leaves.
During the heading period, the length of the panicle, the length of the neck internode, and the fresh weight of the panicle change with development (Fujita and Yoshida 1984, Matsuo and Hoshikawa 1993) . Therefore, we classified rice plants into seven developmental stages using two of these parameters (see Materials and Methods). The average values of the classified samples are shown in Figure 1A . Panicles elongated from stages 1 to 2, and reached their full length at stage 3. Neck internodes rapidly elongated at stage 4, and reached their full length at stage 5. The fresh weight of the panicles increased from stages 1 to 3 and 5 to 7. The seven stages corresponded to the period from 14 days before heading to 14 days after. To clarify the nature of the sink-source transition, the starch content was measured in the leaf sheaths of the first leaves below the flag leaves over the heading period. The starch content of the leaf sheaths increased from stages 1 to 3 and decreased from stages 5 to 7 (Fig. 1B) .
Microarray analysis
Levels of expression of 8987 rice ESTs on the microarray were compared among four developmental stages (stages 1, 3, 5 and 7). The array used here contained independent EST clones identified in the Rice Genome Research Program (Yamamoto and Sasaki 1997) . Although there were the small number of overlapped genes, the array basically included unbiased rice genes.
In our microarray experiment, many ESTs showed different intensities in two replicated spots on the same glass plate. For example, at stage 1, 982 ESTs (10.9%) showed more than a two-fold difference between two replicated spots, and 359 (4.0%) or 114 (1.3%) ESTs showed more than a three-or five-fold difference between two replicated spots, respectively (data not shown). On the other hand, very similar average intensities of 8987 ESTs were observed at all the four developmental stages. For example, the average intensities of 8987 ESTs of the left layer at stages 1, 3, 5 and 7 were 106832, 107203, 106796 and 105360, respectively. This observation indicated that the data from different developing stages were comparable. Therefore, when comparing the data from different developing stages, we considered that a difference in the intensity of the spots greater than fivefold was significant (data not shown). The intensities of the ESTs from all four developing stages were compared pairwisely (stages 1 vs. 3, stages 1 vs. 5 ..., stages 5 vs. 7), and 140 ESTs showing a difference between at least one pair of stages were selected. Among them, 24 overlapped ESTs and 14 ESTs probably derived from a contaminated sequence (vector, rRNA or genome) were removed. Finally, we detected 102 genes showing an expression that changed with development under microarray analysis.
Classification of the selected genes
The expression patterns of the selected genes were divided into three types: (A) early stage (stages 1 and 3)-preferential, (B) middle stage (stages 3 and 5)-preferential, and (C) late stage (stages 5 and 7)-preferential. They were further classified by their deduced functions (Table 1 ). All the genes related to the starch and sucrose metabolism (three genes), unclassified genes (58 genes), and one gene for cell division and expansion were analyzed by Northern blotting. In total, 62 genes were analyzed by Northern blotting, and in 27 (43.5%, 23 unclassified genes and all of four classified genes) the expression patterns were reproduced.
Genes related to starch and sucrose metabolism
The array included 24 genes for various isotypes of 11 enzymes related to the starch and sucrose metabolism (Table 2) . We could monitor the expression of 15 of 24 genes by microarray analysis, while we could not monitor that of the other nine genes because of the removal of one or more data points (Table 2) . Among the 15 genes, two genes for the starch biosynthesis enzymes ADP-glucose pyrophosphorylase (AGPase, EC 2.7.7.27, Genbank accession No. D22125) and granule-bound starch synthase II (GBSSII, EC 2.4.1.21, AU030570), and one gene for the sucrose-cleaving enzyme sucrose synthase (Sus2, EC 2.4.1.13, AU065217) showed more than a five-fold difference in mRNA abundance between some pairs of stages, and were selected as developmentally regulated genes (Table 1 and Table 2 ). All the three genes showed an early stage-preferential expression in microarray analysis (Table 2) , and the expression patterns were reproduced in Northern blot analysis (Fig. 2) . All the other 12 genes related to the starch and sucrose metabolism showed a relatively stable (within a five-fold change in mRNA abundance throughout the stages) expression in microarray analysis (Table 2) .
Among three Sus isozymes reported in rice, Sus3 is considered to be the isozyme displaying a function related to starch synthesis in immature seeds based on its immature seed-specific expression (Huang et al. 1996 , Wang et al. 1999 . However, this array included only the genes for Sus1 and Sus2 with unclear functions (Table 2 ). In contrast to Sus2 which showed a developmentally regulated expression (Table 2 and Fig. 2 ), Sus1 displayed a stable expression ( Table 2 ), suggesting that the developmental regulation of Sus1 and Sus2 in the leaf sheaths differed during the heading period. Differences in the expression patterns of these two Sus isogenes in various tissues including leaves, roots, callus and seeds were previously reported (Huang et al. 1996 , Wang et al. 1999 .
We failed to monitor all the three genes for α-amylase (EC 3.2.1.1, a starch-degrading enzyme) included in the array (Table 2 ). Since the induction of the gene for α-amylase3D (AU068387) was observed in germinating seeds (Nanjo et al. 2004) , we analyzed the expression of the gene by Northern blotting. Unexpectedly, the gene for α-amylase3D showed an early stage-preferential expression (Fig. 2) . On the other hand, the array included only the cytosolic fructose-1,6-bisphosphatase (FBPase, EC 3.1.3.11, AU055793) gene for the sucrose biosynthesis enzyme, and did not include the gene for another key enzyme, sucrose phosphate synthase (SPS, EC 2.3.1.14) ( Table 2 ). The function of cytosolic FBPase except for source leaves remains unclear, while the induction of the SPS gene was observed in germinating seeds where degraded starch was converted to sucrose (Chavez-Barcenas et al. 2000). Therefore we analyzed the expression of the SPS gene by Northern blotting, and revealed a late stage-preferential expression of the gene (Fig. 2) .
Other classified genes
The selected genes included 19 genes related to cell division and expansion. All showed an early stage-preferential expression (Table 1) . Since active expression of the α-tubulin gene in dividing tissues had already been reported in rice (Jeon et al. 2000) , the expression pattern of an α-tubulin gene (AU175143) observed in microarray analysis ( was confirmed by Northern blot analysis as representative (Fig. 2) . A further 11 selected genes related to photosynthesis showed an early stage-preferential expression (Table 1 ). The expression of rbcS was analyzed by Northern blot analysis as representative, although this gene was not included in the array. For both α-tubulin gene and rbcS, the highest expression was revealed at stage 1, and their expression decreased at the following stages (Fig. 2) . The expression patterns of these genes probably corresponded to the elongation of the leaf sheaths and active photosynthesis occurred in the leaf sheaths at the early stage. At stage 1, both genes for starch biosynthesis enzymes and α-tubulin were strongly expressed (Fig. 2) , suggesting that the leaf sheaths displayed both accumulating-and consuming-sink functions at that stage. Eleven genes for metabolic enzymes were among the selected genes (Table 1 ), but they were not analyzed further.
Unclassified genes
We were unable to estimate the functions of the remaining 58 genes. The expression of all of these genes was analyzed by Northern blotting, and in 23 genes the expression patterns were reproduced (Table 1) . Five genes showed different patterns in the subsequent analysis using independently grown rice plants ( Table 1 ), suggesting that their expression was regulated by environmental factors. Finally, we selected 18 genes as developmentally regulated genes in the leaf sheaths of the first leaves below the flag leaves during the heading period. Fifteen of these showed a sequence similarity to that of previously reported genes (Table 1) .
Bottom part-preferential starch accumulation in leaf sheath Matsuo et al. (1995) reported that in rice leaf sheaths, starch preferentially accumulated in the bottom part. Therefore Genes showing more than five-fold difference in mRNA abundance in microarray analysis. They are also listed in Table 1 .
2) "-" indicates removed data point with signal intensities differing by more than two-fold between two replicated spots, or with even one flagged spot.
we analyzed the carbohydrate contents of the top and bottom parts of the leaf sheaths and leaf blades (Fig. 3) . Starch specifically accumulated in the bottom parts of the leaf sheaths of the first leaves below the flag leaves around heading (stage 4) when plants were grown in a growth chamber (see Materials and Methods). In the bottom parts of the leaf sheaths, the sucrose content increased at stage 5, at the same time as the starch content decreased, while the hexose content was highest at stage 1 and rapidly decreased to reach a minimum value at stage 3. The sucrose and hexose contents in the top parts of the leaf sheaths were about half as high as those of the bottom parts through the heading period. In the first leaf blades of the first leaves below the flag leaves, carbohydrate levels were stable throughout the period.
Site-specific expression of AGPase, SPS and unclassified genes Since starch specifically accumulated in the bottom parts of the leaf sheaths (Fig. 3A) , the genes related to the starch metabolism (synthesis and degradation, and their control) would be preferentially expressed in the bottom parts of the leaf sheaths. To estimate the function of 18 unclassified genes, we therefore analyzed their site-and organ-specific expression by using the same samples as those used for the analysis of the site and organ specificity of carbohydrate contents (Fig. 4) . As a control, the expression of the AGPase gene (D22125) was also analyzed. The AGPase gene was expressed from stages 2 to 5 in the bottom part of the leaf sheaths (Fig. 4) . Along with the decrease in the starch content at stage 5 (Fig. 3) , the expression of the AGPase gene temporarily disappeared at stage 4 and was restored at stage 5.
Eighteen genes were divided into three groups based on their organ specificities, and the genes showing a leaf sheath-preferential expression were further divided into three subgroups based on their site specificities (Fig. 4) . Among the 11 genes showing a leaf sheath-preferential expression, seven genes were preferentially expressed in the bottom part, implying that their function was related to the starch metabolism. Three (AU164106, AU092028 and AU090552) of the seven genes were very similar to known genes with unclear function. AU164106 was very similar to the rice lipid transfer protein b21 gene (Ltp b21) (BLASTN E-value = e-103) whose expression was reported in the mesocotyl and root (Vignols et al. 1997) . On the other hand, AU092028 and AU090552 were very similar to the gene for wheat peptidylprolyl isomerase FKBP77 (EC 5.2.1.8) (BLASTX E-value = 7e-35) displaying a heat shock-induced expression (Kurek et al. 1999) , and the gene for rice chitinase IIb (EC 3.2.1.14) (BLASTX E-value = 5e-72) identified in rice husks as a candidate for dormancy-related protein (Nakazaki and Ikehashi 1998) , respectively. AU164106 showed a similar expression pattern to that of AGPase, suggesting the existence of functions related to starch accumulation or accumulating sink (Fig. 4) . On the other hand, D48181, AU033058 and C25458 were expressed at the early stages of leaf sheath development (Fig. 4) . The three genes also showed very similar expression patterns to that of the α- Fig. 2 . Northern blot analysis of the genes related to the starch and sucrose metabolism and other genes. The RNA was prepared from the same samples as those used for microarray analysis. tubulin gene in our primary Northern blot analysis (data not shown), suggesting the existence of a function related to consuming sink. Among the other four genes showing a leaf sheath-preferential expression, three genes were preferentially expressed in the top part, and one gene did not show any site specificity. Five genes were preferentially expressed in the leaf blade, and two others failed to show any site or organ specificity. All of these seven genes showed a late stagepreferential expression. Site-specific expression of the SPS gene was also analyzed. Probably reflecting photosynthesis-linked sucrose synthesis, the SPS gene showed a leaf blade-preferential expression, but unexpectedly, in the leaf sheaths, the expression of the gene was lower in the bottom part than in the top part throughout the period (Fig. 4) . This result suggests that the expression of the SPS gene in the leaf sheaths reflects sucrose synthesis linked to photosynthesis rather than sucrose re-synthesis linked to starch degradation. Fig. 4 . Northern blot analysis of unclassified, developmentally regulated genes. The RNA was prepared from the same samples as those used for the carbohydrate measurements shown in Figure 3 . LS: leaf sheaths, LB: leaf blades. * Increase in the amount of RNA was more evident at stage 7 in the top part of the leaf sheaths (data not shown).
Discussion
By microarray analysis we identified 102 genes showing developmental changes in expression in the leaf sheaths during the heading period (Table 1) . Apart from the genes related to the starch and sucrose metabolism, all the genes were new developmentally regulated genes in leaf sheaths during the heading period. The identified genes included the genes of starch biosynthesis enzymes, and they were expressed when starch accumulated in the leaf sheaths of the first leaves below the flag leaves (Fig. 1B and Fig. 2 ), indicating that our experimental system was adequate.
In contrast to the gene for the AGPase large subunit (D22125) showing a developmentally regulated expression, the gene for the AGPase small subunit (AU075787) displayed a stable expression in microarray analysis (Table 2 ). In wheat, it was reported that the gene encoding the cytosolic AGPase small subunit also encoded the plastidial AGPase small subunit that was produced by the use of an alternative first exon, as well as the two transcripts encoding cytosolic and plastidial isoforms showed different tissue and/or developmental expression patterns (Burton et al. 2002) . Stable expression of AU075787 observed in microarray analysis could imply that the signal intensity of the gene reflected the total mRNA abundance of two genes sharing a common sequence but displaying different expression patterns.
We could not find any developmentally regulated expression of the genes related to starch degradation and sucrose synthesis in microarray analysis (Table 2) . Because clear induction of the genes for α-amylase3D and SPS was reported in germinating seeds (Chavez-Barcenas et al. 2000 , Nanjo et al. 2004 , we considered them as representative genes being expressed when/where starch degradation and sucrose biosynthesis occurred. However, both genes showed unexpected expression patterns in the leaf sheaths of the first leaves below the flag leaves ( Fig. 2 and Fig. 4) . The developmental and/or spatial expression patterns of both genes for α-amylase3D and SPS did not coincide with starch degradation and subsequent sucrose re-synthesis in the leaf sheaths. These results suggest that the mechanisms of starch degradation and sucrose re-synthesis in the leaf sheaths during the heading period were different from those existing in germinating seeds.
Because of variations in our data, only ESTs showing more than a five-fold difference in mRNA abundance among different stages were selected as developmentally regulated ESTs. As a result, we probably omitted several genes whose mRNA abundance changed on a small scale. The reproducibility of the expression patterns of selected clones, obtained in microarray and Northern blot analyses, was less than 50%. We have therefore mainly described here the genes whose expression patterns were confirmed by Northern blot analysis. Repeated experiments should enhance the reliability and enable to perform finer changes for analysis.
Using the microarray, we carried out large-scale monitoring of gene expression in the leaf sheaths of the first leaves below the flag leaves during the heading period, and identified 102 developmentally regulated genes. The identified genes included multiple genes related to starch biosynthesis, cell division and expansion, and photosynthesis. All of them showed an early stage-preferential expression, probably reflecting the decrease of starch biosynthesis, end of elongation and decrease of photosynthesis in the leaf sheaths during the heading period, respectively. The expression patterns of the genes for the starch biosynthesis enzymes and α-tubulin suggested that the leaf sheaths exhibits both accumulating-and consuming-sink functions at the very early stage of the heading period. Northern blot analysis of the genes for starch-degrading and sucrose biosynthesis enzymes (α-amylase3D and SPS) revealed that the induction of the genes did not occur when the starch amount began to decrease, suggesting that the mechanisms of starch degradation and sucrose re-synthesis in the leaf sheaths during the heading period were different from those in germinating seeds. Furthermore, we identified 18 developmentally regulated genes whose functions in the leaf sheaths are unknown. They included seven genes those were preferentially expressed in the bottom part of the leaf sheaths, implying that their function was related to the starch metabolism. These results underscored the effectiveness of the microarray technique to analyze complex and uncharacterized phenomena. The insight obtained here will be very useful to design our next microarray analysis.
